Abstract Human activity has led to severe bottlenecks in many wildlife species in the recent past. This usually increases the strength of genetic drift, leading to loss of genetic variation. Gene flow may however counteract the genetic consequences of small population size. Using 11 of 38 tested microsatellite loci and five moose populations in eastern Poland, we investigated the effects of two phenomena: bottlenecks that occurred in the nineteenth century and the first half of twentieth century, and admixture after moose populations expanded demographically and spatially in eastern Poland after the Second World War. The statistical tests indicated a recent bottleneck in all the studied samples with respect to H E and low Garza-Williamson index values. The Biebrza population, which consists of autochthonous moose representing a branch of the Central Europe mitochondrial DNA (mtDNA) clade and immigrants belonging to the Ural clade, is one of the most variable populations of this species. AMOVA, PCA, and STRUCTURE analyses all revealed significant population structuring, with most probable existence of K=2 genetically distinct clusters that exhibited a relatively high level of admixture. Analysis of recent dispersal rates demonstrated that population from the Biebrza Valley may supply individuals to the other four studied moose populations. We also found female-biased sex ratio in nonharvested moose populations inhabiting eastern Poland.
Introduction
Knowledge of genetic structure is an essential element of wildlife management and conservation (Haanes et al. 2011 ). The population genetics and evolutionary history of ungulates, a group of ecologically, socially, and economically important species, have received much attention (e.g., Hundertmark et al. 2002; Świsłocka et al. 2013; Queiros et al. 2014) . The moose (Alces alces) is the largest species among the Cervidae and an important game animal. In European boreal forests, it plays a keystone ecological role; it can alter ecosystem structure and functioning (Graham et al. 2010; Czernik et al. 2013) .
The maximum range of moose in Central Europe, which took shape in the Boreal period (9000-7000 BP), rapidly shrank during the Middle Ages; moose vanished from large parts of western and southern Central Europe (Schmölcke and Zachos 2005; Raczyński 2006 ). Increasing habitat fragmentation, excessive hunting, and changes in climate and vegetation are undoubtedly the most important factors in local disappearance of moose and declining population density since the 1600s (Mysterud et al. 2002; Raczyński 2006) . By the mid1800s, only a few isolated moose populations survived in Central Europe (Brincken 1826 ). Thus, one should expect to find evidence of genetic drift due to bottleneck events in moose populations. Some reports suggest that moose had died out in Poland by 1830 (Schmölcke and Zachos 2005) , but it is very likely that up to the twentieth century, it did survive in a few scattered areas of Poland (Dzięciołowski and Pielowski 1993) . One such area was the Biebrza marshes in northeastern Poland (Brincken 1826; Gębczyńska and Raczyński 2004) . After the Second World War, the whole moose population in Poland was again on the verge of total extinction. Between 10 and 20 individuals survived this period in the Biebrza River Valley; they formed the founding group for the present-day moose population in this region of Poland (Dzięciołowski and Pielowski 1993) . The unique relict character of the Biebrza moose population was recently confirmed by molecular analyses of the mitochondrial DNA control region (Świsłocka et al. 2008; Niedziałkowska et al. 2014 ) and cytochrome b gene, and also Y-chromosome markers-YCATS (Ychromosome conserved anchor tagged sequences) and the SRY gene (Świsłocka et al. 2013 ).
On one hand, the effects of population bottlenecks are directly related to the increase of stochastic events associated with small population size, which in most cases leads to loss of genetic diversity (Bouzat 2010; Peery et al. 2012) . Loss of genetic diversity is commonly accompanied by decreased fitness at both individual and population levels (Grueber et al. 2008; Hedrick and Fredrickson 2010) . On the other hand, increased gene flow opposes genetic drift and enriches genetic variation (Alleaume-Benharira et al. 2006; Biebach and Keller 2012) . When genetically differing populations merge, the level of genetic variation can increase as a result of isolate breaking (Hartl and Clark 1997) . Thus, the following questions arise-if the Biebrza moose population gained a significant admixture from the spatial and demographic expansion of moose populations from the former Soviet Union soon after the Second World War, would this prevent detection of a genetic bottleneck? What is the contemporary dispersal level and admixture among this population and other moose populations in eastern Poland?
Despite the biological and socioeconomic importance of moose, only a few studies have used microsatellite loci to examine population genetic structure and diversity for European moose populations (Charlier et al. 2008; Haanes et al. 2011; Kangas et al. 2013) . Microsatellites have been considered the markers of choice because they are highly polymorphic, codominant, and amenable to PCR technique (e.g., Kohler et al. 2011) . Another potentially crucial advantage of many microsatellites is that closely related species appear to have conserved their microsatellites together with their flanking sequences, allowing primer sets to be used across species (e.g., Talbot et al. 1996) . Microsatellite loci are also useful for identifying individuals and their sex by noninvasive sampling; that information is essential in conservation genetics and in research on the behavioral ecology of wild animals (Taberlet and Luikart 1999; Arandjelovic et al. 2011) .
We tested 38 commonly used wild ungulate microsatellite markers to study genetic material collected noninvasively from five moose populations in eastern Poland, including a relict Biebrza Valley population. The objectives of this study were (i) to test, in moose, amplification of 38 pairs of abovementioned microsatellite primers and to design a suite of microsatellites that was large enough to reliably measure genetic variability and the SRY gene for sex identification, (ii) to determine the levels of genetic variation at nuclear microsatellite loci in the relict moose population from the Biebrza Valley and in four neighboring populations from eastern Poland, and (iii) to test for signs of recent bottlenecks and admixture in populations under study.
Material and methods
Sampling and DNA extraction A total of 231 moose samples were collected in 2007 and 2011 from five geographical locations in eastern Poland (Fig. 1) . Eighty-two samples were taken from a relict moose population in the Biebrza Valley (53°24′ 25″ N, 22°47′ 43″ E), 37 samples from the Augustów Forest (53°58′ 46″ N, 23°17′ 23″ E), 46 from the Knyszyn Forest (53°10′ 35″ N, 23°48′ 47″ E) and also from the Polesie National Park (51°23′ 37″ N, 23°1
1′ 41″ E), and 20 samples from the Srokowo State Forest population (54°12′ 49″ N, 21°31′ 15″ E; Fig. 1 ). The Biebrza Valley is Central Europe's largest natural wetlands area (59,223 ha), which since 1993 is a protected area, Biebrza National Park. Because hunting moose has been banned in Poland since 2001, the 84 samples of muscle and skin were taken from animals killed in road accidents, found dead after winter or poached. Additionally, 147 stool samples (from five populations) were collected in winter. Samples were stored at −20°C pending DNA extraction, which used the DNeasy Blood and Tissue Kit or, for stool samples, the QIAamp DNA Stool Mini Kit (Qiagen, Germany).
Genotyping
First, we tested 38 microsatellite loci that have been successfully amplified in other hoofed species: Bos taurus-BM1258 (Hediger et al. 1991) , BovirBP, MM12 (Moore et al. 1992) , MAF46 (Swarbrick et al. 1992) , INRA003 (Vaiman et al. 1992) , INRA35 (Steffen et al. 1993) , TGLA53 , BL42, BM1225, BM2830, BM4513, BM861, BM888, BMC1009, IOBT965 (Bishop et al. 1994) , CSSM003 , INRA124 (Vaiman et al. 1994) , Haut14 (Thieven et al. 1995) , INRA189 (Kappes et al. 1997) , UMN2404 (Liu et al. 2002) , and UMN2001 (Liu et al. 2003) ; Cervus elaphus-CelJP15 (Pemberton et al. 1995) ; Odocoileus virginianus-Cer14 (DeWoody et al. 1995) ; Ovis aries-MAF70 (Buchanan and Crawford 1992) , OarFCB193, OarFCB304 (Buchanan and Crawford 1993) , OarFCB20 (Buchanan et al. 1994), McM58, and McM130 (Hulme et al. 1994) ; and Rangifer tarandus-RT5, RT9, RT23, RT24, RT27, RT30 (Wilson et al. 1997) , NVHR T01, NVHRT21, and NVHRT24 (Røed and Midthjell 1998) (Table 5S1 and Table 6S2 ). Markers were selected on the basis of their previous cross-species utility, size range, and ability to co-amplify in multiplex PCRs. The initial thermocycling programs for all tested microsatellite loci were generally the same, differing only in annealing temperature (Ta): 45.5°C for locus CelJP15, 48.8°C for INRA35 and MM12, 50°C for INRA003, 51.5°C for IOBT965, 54°C for RT9 and RT27, 55°C for BM1225, BM2830, and NVRT24, and 57°C for the other analyzed microsatellite loci. Because many samples were from moose of unknown sex, we also amplified an ∼333-bp fragment of the SRY gene (Świsłocka et al. 2013) together with microsatellite loci in set 2 in order to genetically identify the sex of the studied animals.
Finally, we chose 11 microsatellite loci that gave satisfactory amplification results, exhibited consistent genotypes, and were characterized by the highest number of alleles. These 11 loci were amplified into two multiplex sets avoiding allele overlap between loci labeled with the same dye ( Table 1 ). The two sets of 11 primers contained four bovine, three ovine, one white-tailed deer, and three reindeer primers (Table 1 and  Table 5S1 ). Each forward primer was end-labeled with one of the following fluorescent dyes, VIC, FAM, NED, or PET (Life Technologies, Inc.), and optimized for resolution on an ABI 3130 Genetic Analyzer (Table 1) . Despite the variability of expected product lengths and heterozygosity, the optimal conditions for multiplex PCRs were similar across all 11 microsatellite loci. Multiplex PCRs were performed with ∼25 ng genomic DNA, 1.7 μL Qiagen multiplex PCR Master Mix (1×), 0.3 μL mix of primers, and 1 μL RNase-free water in a 5-μL reaction volume. Thermocycling parameters after Multiplex PCRs were performed in a GeneAmp PCR System 9600 thermal cycler (Applied Biosystems). The multiplex PCR products were then separated by size by capillary electrophoresis (3130 Genetic Analyzer, Applied Biosystems) using the GeneScan 500 LIZ standard, and finally, the electromorphs were genotyped with GeneMapper 4.0 (Applied Biosystems). To ensure consistency of genotyping, we repeated the amplifications of all chosen 11 microsatellite loci for 10 % of the samples, blind, and compared the results with those obtained from the first amplification.
Statistical analyses
We used CERVUS 3.0.3 (Kalinowski et al. 2007 ) to carry out identity analysis of the microsatellite data set (N=231 animals genotyped at up to 11 polymorphic microsatellite loci), counting the number of pairs of genotypes that were identical at all loci. This was required because we analyzed 147 stool samples collected from an unknown number of moose. The 231 multi-locus (e.g., 11) genotypes were assigned to 202 different individuals. Of the 231 genotypes detected, 185 were sampled once, six were sampled twice, ten were obtained three times, and one was sampled four times.
The data for 11 microsatellite loci were first checked with FSTAT v.2.9.3.2 (Goudet 1995) to test genotypic linkage disequilibrium for each pair of loci in all populations after sequential Bonferroni multiple-comparison correction based on 5500 permutations. Then, we used MICRO-CHECKER v.2.2.1 (Van Oosterhout et al. 2004) , which allowed us to detect possible errors due to large allele dropout, identify scoring errors due to stuttering (i.e., failure to discriminate similarsized alleles in genotypes because of the presence of PCR artifacts), and estimate the frequencies of null alleles. The mean number of alleles per locus, number of private alleles (PA) for the 11 studied loci in analyzed populations, mean polymorphic information content (PIC), and observed (H O ) and expected (H E ) heterozygosity values were calculated with CERVUS 3.0.3. Deviations from Hardy-Weinberg equilibrium were tested with GENEPOP v.4.0.10 (Rousset 2008) using Fisher's exact tests. Markov chain analyses were applied to estimate significance (10 4 dememorization steps, 10 3 batches, 10 4 iterations per batch). Significance levels were adjusted using the sequential method of Bonferroni for multiple comparisons in the same data set (Rice 1989) . We used FSTAT to estimate the inbreeding coefficient (F IS ) and allelic richness (alleles per locus; A R ) in the analyzed moose populations. Genetic differentiation between five moose populations was assessed by pairwise F ST and R ST values and statistically tested in ARLEQUIN v.3.11 using 10,000 permutations (Excoffier et al. 2006) .
We used BOTTLENECK v.1.2.02 (Cornuet and Luikart 1996) to test for genetic signatures typical of a population that has undergone a genetic bottleneck. BOTTLENECK conducts tests for recent population bottlenecks (within the past 2Ne to 4Ne generations) that severely reduce effective population size (Ne) and produce excess heterozygosity.
Deviations from mutation-drift equilibrium were calculated under three different mutation models: stepwise mutation model (SMM), infinite allele's model (IAM), and two-phase model (TPM). The proportion of alleles attributed to SMM under the TPM was 90 %, with a variance of 12 (Garza and Williamson 2001) . Significance was determined by the sign and Wilcoxon tests with 10,000 replications (Cornuet and Luikart 1996) . We also checked the allele frequency distributions for mode shifts that discriminate recently bottlenecked from stable populations (Luikart et al. 1998) . Second, the Garza-Williamson index (M), which is a ratio of the number of alleles observed in a sample divided by the number of alleles expected under the observed size range (i.e., number of repeats) and can detect population bottlenecks from the far past (Garza and Williamson 2001) , was also determined using ARLEQUIN. Hierarchical analyses of molecular variance (AMOVA; Excoffier et al. 1992 ) was performed to study structuring within the microsatellites data, where the moose sampling sites were grouped as a single population (with both, F ST and R ST ) using ARLEQUIN (with 16,000 permutations) to test whether studied moose in eastern Poland form a single, panmictic population. A principal component analysis (PCA) was also carried out using microsatellites F ST and R ST data sets in GENALEX v.6.0 (Peakall and Smouse 2006) . We used STRU CTURE v.2.3.4 (Pritchard et al. 2000; Falush et al. 2003) to investigate genetic structure of five moose populations and admixture levels. This analysis assumes that there are K populations (where K may be unknown). The admixture model and correlated allele frequencies were used in simulations, as suggested in Falush et al. (2003) . The mean membership of each individual described the likelihood of that individual belonging to the respective clusters. To check if the results were consistent, we performed five independent runs checking the number of subpopulations (between K=1 and K = 5) using 2,000,000 Markov Chain Monte Carlo (MCMC) iterations, following a burn-in period of 500,000 iterations. We then calculated the values for the log probabilities for each run and mean value for each K. We implemented the ΔK (Evanno et al. 2005) method to estimate the true value of K.
Finally, we used a Bayesian approach implemented in the software BAYESASS v.1.3 (Wilson and Rannala 2003) to estimate recent migration rates among the five analyzed moose populations in eastern Poland. The number of burn-in iterations was set to 1,000,000 followed by 3,000,000 iterations and a thinning of 2000. Initial input parameters of allele frequencies, migration, and inbreeding coefficient were set at 0.15 for each, respectively. We adjusted the delta values to 0.17 (allele frequency), 0.04 (migration), and 0.17 (inbreeding coefficient), so that acceptance rates for changes in these parameters would be between 40 and 60 %, as recommended by Faubet et al. (2007) . We carried out four independent runs to confirm the consistency of results.
Results and discussion
Eight (21 %) of the 38 analyzed ungulate microsatellite primers gave no amplification in moose samples: BM861, INRA124, INRA189, INRA35, IOBT965, MM12, UMN2001, and UMN2404 (Table 5S1 and Table 6S2 ). All of them had previously been successfully amplified in cattle. The next ten loci-BM2830, CelJP15, Haut14, INRA003, NVHRT24, OarFCB20, RT9, RT23, RT24, and RT27-gave inconsistent amplification products with multiband profiles, and locus BMC1009 was monomorphic (Table 5S1) . Eighteen of the 38 analyzed ungulate primers (47 %) amplified DNA, were polymorphic, and were characterized by 139 alleles in total in 23-202 tested moose samples. The mean number of alleles per locus was 10.27, ranging from 2 to 14. These features demonstrate that the microsatellite loci used in this study are a good tool for studying genetic structure in A. alces.
The SRY primers gave a clear 333-bp peak in 85 males and no visible product in 117 females from five moose populations from eastern Poland. This means a 1:1.4 sex ratio in nonharvested moose from eastern Poland. This result is consistent with the sex ratio values obtained for the managed moose populations over the last 20 years in Estonia (from 1.2 to 1.9 females per male; Tõnisson 2005; Veeroja et al. 2010) .
We discarded from our analysis the least polymorphic loci (BL42, BM888, BovirBP, CSM003, McM130, NVHRT01, OarFCB304, TGLA53); these loci had two to three alleles at maximum, the most common allele occurred at very high frequency, and the corresponding frequencies of rarer alleles were less than 1.5 %. In this way, we obtained two sets of 11 microsatellites on the basis of consistency of amplification and ease of scoring (Table 1 ). Significant linkage disequilibria (p<0.009) were detected in 3 out of 55 pairwise comparisons between microsatellite loci in the Augustów Forest only (NVHRT21 and MAF70, BM4513 and MAF70, and MAF70 and Cer14) and for a single microsatellite pair of loci in Knyszyn Forest (BM1258 and MAF70) and Polesie National Park (OarFCB193 and MAF46) populations. This indicated that all studied loci were not linked. Analyses performed with MICRO-CHECKER v.2.2.1 (Van Oosterhout et al. 2004) showed that there were no scoring errors from large allele dropout and stuttering, and the frequency of null alleles was below 5 % for 5 of 11 microsatellite loci (BM1258, MAF46, MAF70, NVHRT21, OarFCB193; Table 1 ). For the other six loci, the frequencies of null alleles were greater (BM1225, Cer14, MAF46, McM58, RT5, RT30; Table 1 ).
Despite the fact, two out of 11 amplified loci (MAF46 and McM58) had higher frequencies of null alleles, we used all 11 microsatellite loci in our statistical analyses, as it did not change our results. For AMOVA, PCA, STRUCTURE, and BAYESASS, analyses were conducted using both 9 and 11 microsatellite loci. Genotyping of 231 moose samples at 11 microsatellite loci revealed 202 distinct multi-locus genotypes, e.g., individuals. In total, 113 alleles were found at 11 loci studied (from 7 to 14 per locus; Table 1 ). This is the highest numbers of alleles found in studied European moose populations so far (Table 2 ). In the Srokowo State Forest population, we identified the smallest number of alleles (63) and mean number of alleles per locus (5.73) at 11 loci among 17 individuals, while the largest number (96) of alleles and mean number of alleles per locus (8.73) was found in a group of 77 animals from the Biebrza Valley population. In the studied moose populations, the number of alleles ranged from 4 (locus MAF46 in the Srokowo State Forest) to 12 (locus McM58 in the Biebrza Valley). These results are generally consistent with reports for other moose populations (Schmidt et al. 2009; Kangas et al. 2013 ). For example, in the Finnish moose population, the number of alleles per locus ranged from 5 to 15 (Kangas et al. 2013 ) and in Alaska moose from 3 to 12 (Schmidt et al. 2009 ).
The polymorphic information content (PIC) values ranged from 0.656 (MAF70) to 0.857 (BM1225) over 11 loci amplified in 202 individuals, with a mean PIC value of 0.750 (Table 1 ). All the microsatellite loci we used had PIC value greater than 0.5, indicating their usefulness for identifying individual moose sampled noninvasively. For the total sample, the observed heterozygosity (H O ) ranged from 0.594 (locus McM58) to 0.770 (locus MAF46), averaging 0.769 across loci, while expected heterozygosity (H E ) ranged from 0.688 (MAF70) to 0.874 (BM1225; Table 2 ). Among all the moose populations studied so far, average H E across loci was highest in eastern Poland (0.781; Table 2 ): slightly higher than in the moose population from Finland (Kangas et al. 2013) and considerably higher than in other moose populations from Sweden (Charlier et al. 2008) , Norway (Haanes et al. 2011) , Alaska (Schmidt et al. 2009 ), and Canada ; Table 2 ). Although we examined about three times fewer individuals than in the Norwegian study and despite our samples represented a much smaller area, the H E value we obtained for eastern Poland was somewhat higher than for the population in Norway (0.630-0.650; Haanes et al. 2011 ). In moose populations from eastern Poland, we also identified one of the highest value of allelic richness (A R =6.363; Table 2 ), being smaller that in Norway only (Haanes et al. 2011) . suggested that the moose is a species with reduced variation at microsatellite loci, but the values we obtained do not support that. The relatively high genetic variation in the study area seems to be due to the presence of individuals which possess mitochondrial DNA haplotypes belonging to the Biebrza, Fennoscandia, and Polesie phylogenetic branches of the Central Europe clade, along with moose that possessed mitochondrial DNA (mtDNA) haplotypes from the Ural mtDNA clade (Świsłocka et al. 2013) . Immigrants typed as of eastern origin by mtDNA (e.g., Ural clade) represent from 19 % of the moose population inhabiting the Biebrza marshes to 96 % of the individuals in the Augustów Forest (Świsłocka et al. 2013 ). Indeed, when genetically different subpopulations merge, genetic variation can increase (Hartl and Clark 1997; Alleaume-Benharira et al. 2006) . We found 4 out of 11 loci in the 202 studied moose from eastern Poland to deviate significantly from Hardy-Weinberg equilibrium after sequential Bonferroni correction because of heterozygote deficit (Table 1) . Deviation from HardyWeinberg equilibrium showed three loci (BM4513, MAF70, McM58) in the Biebrza moose population and McM58 locus in the Knyszyn Forest. The inbreeding coefficient value (F IS ) varied from 0.003 for moose from Srokowo State Forest to 0.173 for those from the Polesie National Park (Table 2 ). This parameter calculated for a set of 11 microsatellite loci was positive and significant (p<0.001) in the Biebrza Valley, Knyszyn Forest, and Polesie National Park populations, and in general in eastern Poland (F IS =0.112, p<0.05; Table 2 ). When we used a data set of nine loci with low frequency of null alleles (without loci BM4513 and McM58), significant inbreeding coefficient was found in the Knyszyn Forest (F IS =0.116, p=0.001) and Polesie National Park (F IS =0.165, p=0.001) populations only. Thus, the presence of null alleles may increase the inbreeding coefficient values. A deficiency of heterozygotes based on deviation from Hardy-Weinberg equilibrium or on positive and significant F IS values can also result from the Wahlund effect, which usually comes from pooling samples from locally structured populations (Nielsen et al. 2003; Selkoe and Toonen 2006) .
The BOTTLENECK software detected genetic drift in all moose populations in eastern Poland under the IAM model using either the sign test (p≤0.029) or the Wilcoxon test (p≤ 0.005; Table 3 ). The Knyszyn Forest population also showed signs of a recent bottleneck with the SMM by both the sign test (p=0.035) and the Wilcoxon test (p=0.009; Table 3 ). Moose populations from eastern Poland did not show any signs of bottleneck under the TPM mutation model. All 11 analyzed microsatellite loci showed a heterozygote excess under the IAM model, suggesting a recent bottleneck. Thus, despite recent demographic and spatial expansion, the studied moose population may still contain a signal of the population size reductions that occurred at the end of the nineteenth century and soon after the Second World War. However, the allele frequencies showed a normal L-shaped distribution in all populations, most probably due to admixture, as a high number of alleles per locus are not expected after a bottleneck. Interestingly, the Garza-Williamson index (the number of alleles divided by the allelic range) also suggested that bottleneck had occurred in all five moose populations from eastern Poland. This result is in full agreement with reports, according to which the species vanished from large parts of western and southern Central Europe from the Middle Ages to the nineteenth century and its number decreased in eastern Europe (Schmölcke and Zachos 2005) . The G-W index ranged from 0.31 (Srokowo State Forest) to 0.42 (Biebrza Valley; Table 3 ). In general, values of G-W index greater than 0.82 are representative of stable populations that have not suffered a known reduction in size, whereas values of G-W index less than 0.70 suggest populations that have experienced a bottlenecking or founder event (Garza and Williamson 2001) . Detecting a bottleneck can be difficult even in a population with well-documented reductions. A number of factors can affect and potentially blur the genetic signals of population decline: for example, the timing and duration of the bottleneck, immigration, and the level of prebottleneck genetic diversity (Garza and Williamson 2001; Williamson-Natesan 2005) . Bottleneck tests did not detect population collapses in Scandinavian lynx (Lynx lynx; Spong and Hellborg 2002) and Amur tigers (Panthera tigris altaica; Henry et al. 2009 ), even though the demographic and genetic consequences of their low global population size put them at high risk of extinction (Peery et al. 2012) . Noteworthy, Charlier et al. (2008) found evidence of a recent bottleneck in moose population from southern Sweden and suggested that it may be due to founder effects following recolonization of this part of Sweden at the beginning of the twentieth century or that it may be the result of intensive hunting pressure in past decades.
The genetic structure of bottlenecked populations may be broken down by high levels of migration and dispersal (Haanes et al. 2011) . Despite recent bottlenecks, the Biebrza moose population, which originated from fewer than 20 animals, showed one of the highest reported levels of genetic variability at microsatellite loci. This most probably resulted from immigration and admixture of individuals from different sources. In a study of alpine ibex populations, Biebach and Keller (2012) found that the degree of admixture in the recipient population has nearly three times the effect on the expected heterozygosity (H E ) than the number of the founding group. Similarly, the effect of admixture on the standardized number of alleles was twice as strong. Thus, the high genetic variability we found in the bottlenecked moose populations reflects the strength of the effect of admixture. Indeed, Keller et al. (2001) showed that just a few immigrants entering a population can counteract the effects of genetic drift; populations that were admixed lost little genetic variation. As moose populations after the Second World War have continued to grow and expand in both the former Soviet Union and Poland, gene flow among them has been reestablished (Raczyński 2006 (Świsłocka et al. 2013) .
Geographical structuring among five moose populations in eastern Poland based on two data sets (11 and 9 loci with low frequency of null alleles) was supported by AMOVA results where all sampling sites were treated as a single group (F ST = 0.02; p<0.001 in both cases). This means that moose in eastern Poland do not constitute a single panmictic unit. The genetic structuring among analyzed moose populations was further revealed by PCA analyses, and results were the same for 11 and 9 loci studied. The first and second axes of the PCA (PC1 and PC2) performed on the F ST data explained 50.16 and 35.02 % of the total microsatellites variability, respectively. The analysis showed that moose from the Biebrza Valley, Augustów Forest, and Knyszyn Forest (with respect to both PC1 and PC2) populations constitute one group, while the other two groups are Table 4 Results of calculations of the most probable number of genetically distinct groups (K) indicated by STRUCTURE for the two data sets (of all 11 loci and selected 9 microsatellite loci with low frequency of null alleles) and using the method of Evanno et al. (2005) 11 microsatellite loci 9 microsatellite loci STRUCTURE returned the greatest log probabilities for K=5 for both data sets. However, with K=3, the rate of increase in log probability notably declined. The most probable number of groups for moose in eastern Poland according to the method of Evanno et al. (2005) is K=2 (denoted as #)
K number of groups, L(K) mean value of the posterior probability of K calculated in STRUCTURE for different K values (K from 1 to 5), ΔK second-order rate of change of the log probability of data between successive K values (Evanno et al. 2005) formed by single populations: the Polesie National Park (with respect to both PC1 and PC2) and Srokowo State Forest (with respect to PC1; Fig. 2b ). Based on the matrix of R ST , the first and second axes of the PCA explained 71.59 and 23.34 % of the total variability, respectively. The analysis revealed that, with respect to both PC1 and PC2, we have three groups of moose populations in eastern Poland: (1) Biebrza Valley and Srokowo State Forest, (2) Knyszyn Forest and Polesie National Park, and (3) Augustów Forest (Fig. 2c) . The genetic similarity of the Biebrza Valley and the Srokowo State Forest moose populations revealed by R ST coincides with the presence of the haplotype H10 in the Srokowo State Forest that grouped with the H1 haplotype from the Biebrza branch (Świsłocka et al. 2013) .
Moose from these populations could have belonged to a large autochthonous group that was present in Poland before a severe bottleneck occurred at the beginning of the nineteenth century (Brincken 1826) . The remaining two moose populations in Poland most probably have an eastern origin, as suggested by the predominance of individuals possessing mtDNA haplotypes from the Ural clade (Świsłocka et al. 2013 ). Based on AMOVA results and the clustering analysis performed in STRUCTURE using the Evanno et al. (2005) method, we concluded that K=2 is the most probable number of clusters in our study (Table 4 , Fig. 2a) . Again, similar results were obtained from the analysis of 11 and 9 loci. The first cluster consisted of moose populations from the Biebrza Valley, and Augustów and Knyszyn Forests, likewise in PCA analysis using the F ST matrix. The membership coefficients were 0.543 (Augustów Forest), 0.604 (Knyszyn Forest), and 0.634 (Biebrza Valley). The second cluster included individuals from the other two populations. The membership coefficient in the second inferred cluster was 0.634 (Polesie National Park) and 0.748 (Srokowo State Forest; Fig. 2a ). This indicates considerable exchange of individuals between the identified genetic groups. Descendants of the autochthonous Biebrza population, which survived the Second World War, dispersed mostly to neighboring Augustów and Knyszyn Forests. A significant contribution into developing the Srokowo State Forest and Polesie National Park populations after the Second World War was also from the east. We found high rates of self-recruitment in the Biebrza moose population and high recent migration rates from this population into the other four recipient populations using BAYESASS (Fig. 1) . Our results indicated that at present, 98 % of the moose sampled in the Biebrza Valley originated from the same population and as few as 2 % of the individuals came from the other four populations. For the other moose populations studied, the proportion of nonmigrants ranged from 68.4 % (Srokowo State Forest) to 78.8 % (Polesie National Park; Fig. 1 ), being in accordance with STRUCTURE analysis. The immigration from the Biebrza population into the other populations from eastern Poland was considerable and varied from 19.1 (Polesie National Park) to 28.1 % (Augustów Forest; Fig. 1 ). This shows that the Biebrza Valley is currently a Bsource population^for the other populations and its future management may have very important consequences on the other moose populations in the region under study and whole moose population in Poland, as over 70 % of census size is present in northeastern Poland. It should be noted that BAYESASS has however problems with the convergence of the Markov Chain Monte Carlo, which tends to get trapped near the bounds of the prior distribution, and the quality of the inference may be low under weak population structure measured by small F ST values (Meirmans 2014 ).
Conclusions
Our results using 11 microsatellite loci from studies of various ungulate species confirm the usefulness of these markers for moose population genetic studies, showing good detection, relatively high polymorphism, and an acceptable level of null alleles. Together with SRY amplification for sex identification, this set of loci provides a useful tool for population genetics approaches that employ noninvasive sampling. We found both recent bottleneck and high genetic variability in studied moose populations in eastern Poland, a combination most probably attributable to recent admixture after spatial and demographic expansion. The Biebrza population is characterized by limited immigration level; however, it is currently a Bsource population^for the other populations in eastern Poland. Like the majority of moose populations in Europe, the nonharvested populations in eastern Poland show a female-biased sex ratio.
